The electronic properties and the low environmental impact of Cu 3 BiS 3 make this compound a promising material for low-cost thin film solar cell technology. From the first principles, the electronic properties of the isoelectronic substitution of S by O in Cu 3 BiS 3 have been obtained using two different exchange-correlation potentials. This compound has an acceptor level below the conduction band, which modifies the opto-electronic properties with respect to the host semiconductor. In order to analyze a possible efficiency increment with respect to the host semiconductor, we have calculated the maximum efficiency of this photovoltaic absorber material.
INTRODUCTION
The most extensively studied polycrystalline thin film solar cells are based on Cu(In, Ga)(S, Se) 2 compounds. Although high-efficiency solar cells based on these materials have been produced, efforts are currently being made to develop new photovoltaic materials with suitable properties to be used in solar cells. The factors that should be considered in developing these new materials include the abundance of the precursor elements and the environmental impacts of their use. Cu 3 BiS 3 is one of the most promising materials for low-cost thin film solar cell technology. As a photovoltaic absorber material for thin film heterojunction structures, Cu 3 BiS 3 has a suitable electrical conductivity (~ 10" -10" Q. cm" ), optical absorption coefficient (~10 cm at 1.9eV), and optical bandgap (l-1.6eV) [1] [2] [3] for use as absorber layers in solar cells.
The compound Cu 3 BiS 3 is a mineral, found in nature, with the Wittichenite structure (WS). Its structure (Figure 1 ) is orthorhombic (a = 0.7723nm; b= 1.0395nm; c = 0.6716nm) [1] [2] [3] . This material has been grown using different procedures [1] [2] [3] [4] [5] [6] [7] and is a stable compound at room temperature.
Some of the techniques used to deposit Cu 3 BiS 3 thin films have been as follows: chemical bath deposition [2, 4] , reactive sputtering in one and two step processes [5] , a rapid polyol process from single source precursors [6] , and a simple ethanol-thermal process [7] .
One of the goals of modern solid-state chemistry and physics is to analyze and fabricate new novel materials with suitable properties to be used as photovoltaic absorber materials and thus increase the efficiency of solar cells. The insertion of intermediate states within the bandgap of a semiconductor material provides additional paths for optical transitions creating the possibility for extremely high efficiency (>60%) [8] .
Recently, II-VI compound semiconductors have attracted attention as a candidate for the realization of an appropriate intermediate band state using isoelectronic oxygen impurities. In particular, doping with oxygen has been shown to give rise to deep traps [9] [10] [11] [12] at which carriers recombine radiatively [13, 14] .
Because Cu 3 BiS 3 is one of the promising materials for solar cell applications and in order to further improve the conversion efficiency, it is important to investigate the 
METHODOLOGY
In this paper, we study the influence of substitutional incorporation of isoelectronic O impurities into S sites (O s substitution) of Cu 3 BiS 3 on its electronic and optical properties using the first principles within the density functional formalism [16, 17] . For the exchange-correlation potential, we used the generalized gradient approximation (GGA) in the form of Perdew, Burke, and Ernzerhof [18] and the local density approximation (LDA) with the Perdew-Zunger parametrization to the Ceperley-Alder numerical data [19] . To use two exchange-correlation potentials, GGA and LDA, allows to evaluate the quality of the results.
The standard Troullier-Martins [20] pseudopotentials are adopted and expressed in the Kleinman-Bylander [21] factorized form. The valence wave functions are expanded in a numerically localized pseudoatomic orbital basis set [22] .
It is known that the gaps obtained as differences of single-particle band structure energies (equivalent to using Koopman's theorem) are underestimated with LDA and GGA because of correlation problems. Nevertheless, if total defect formation energies [23, 24] are used instead of singleparticle energies, correlation problems and systematic errors are decreased [25] . Therefore, we use two different strategies in order to obtain the band edges and transition-energy levels at experimentally determined lattice constants: singleparticle band structure calculations and total defect formation energies calculations. The former allows obtaining the single-particle band structure and density of states. The latter has a more direct relationship with the processes involved in the transitions. For example, the donor and acceptor energies for the O s substitution correspond to the oSJ^Oj" 1 " + e and Oj + ei±0\~ transformations, respectively.
RESULTS AND DISCUSSION
In the WS ( the gaps are slightly more underestimated. According to our results, the bandgap is 0.94 eV when GGA is used and 0.86 eV with LDA. Nevertheless, with defect formation energy calculations, the gaps are 1.27 eV (GGA) and 1.25 eV (LDA). These results compare well with the experimental results in the literature (between 1 and 1.6 eV) [1] [2] [3] .
From Figure 2a , the Cu 3 BiS 3 host has a direct bandgap, in agreement with previous experimental results [2, 3] . By comparing the band structures (panels a and b), the substitution of S by O serves mainly to (i) push conduction band (CB) edge levels deeper into the gap and (ii) produce a slightly indirect gap. The Fermi energy (horizontal line in the figure) is between the valence band (VB) edge and the deeper CB level, indicating that this level has an acceptor character (without electrons).
From an analysis of the projected density of states on atoms (Figure 3a) , we find that the CB edge in the host semiconductor is derived mainly from the combination of Bi orbitals with S and Cu orbitals (Figure 3a) . When sulfur is substituted by oxygen, the O is tetrahedrally coordinated by three copper atoms and one bismuth atom. The O pushes the CB edge level, mainly constituted by the combination of Bi and O orbitals (Figure 3b) , deeper into the gap. Increasing the O concentration, the acceptor CB level will be converted in an acceptor band. With additional «-doping, the acceptor band can be partially populated with electrons. Then, the acceptor band can be transformed to a partially filled intermediate band (IB). The absorption of photons will be more efficient than in conventional solar cells because the absorption of low-energy photons causes transitions from the VB to the partially filled IB and from there to the CB. As well as this process of generating carriers, the usual process of generation through photon absorption promoting electrons from the VB to the CB also takes place.
Among the non-radiative recombination mechanisms, one of the most important related to the charge-transfer processes is the mechanism via multi-phonon emission (MPE) [26, 27] . This mechanism is illustrated in Figure 4a , where the energy levels are represented with respect to a configuration coordinate Q. The MPE mechanism takes place when an impurity deep level is present. It occurs in two capture steps: an electron in the CB (ÉCB) is first captured around Q c in an impurity state A with energy e A (A + 6 CB^A~), then the electron recombines with a hole in the valence band around <2 V (hole capture A~ + hv B^A or A~^A + e-vB, where /¡VB ( É VB) represents a hole (electron) in the VB). The crossing point Q c is the generalized coordinate where the electronic energy of the systems A + e C B and A~ is equal. Similarly, the A + e-vB and A~ energy curves cross in the generalized coordinate Qy. After the transitions (captures), the large vibrational energy, which is initially localized at the impurity center, will propagate away from the center in the form of lattice phonons. Therefore, this mechanism is related with the inward and outward displacement of the nearest neighbors of the impurity atom, i.e., breathing modes [26, 27] . The non-radiative recombination is inhibited when the energy levels involved in the non-radiative transition do not cross, or when the crossing point corresponds to very high energies with respect to the equilibrium configurations. From a microscopic point of view, there are two means of avoiding these crossings [27] : redistribution of the charge density because of the capture/emission of electrons/holes in the steps of the mechanism between all the impurities and redistribution of the charge density with the host semiconductor.
In order to study the MPE mechanism, we have considered the inward and outward displacement of the nearest neighbors of the O atom (Figure 4b ). In this breathing mode, the distances between the O atoms and their nearest neighbors are scaled by an equal factor /? with respect to the equilibrium positions Q 0 : Q = ¡¡Q 0 . In Figure 4b , the VB edge (e v )> CB edge (e c ), and acceptor CB-ionization energy (e A ) are obtained using defect formation energy calculations. From the figure, the NNR recombination is inhibited because the acceptor energy level does not cross with the CB and VB for a wide range of Q -Q 0 . This is because of the redistribution of the charge density between all the impurities and with the host semiconductor. The latter is because of the acceptor band being mainly constituted by the O and Bi host orbitals (Figure 3b ).
For n-doping to be effective, the donor impurity energy must be above or equal to the acceptor ionization energy of O-doped WS-Q13BÍS3 in the equilibrium position (Figure 4 ). Of course, with the increase of the O concentration, i.e., of the acceptor band, the energy of the donor energy impurity would be limited inferiorly by the acceptor band minimum. The PV device would also need to have a suitable carrier mobility. Nevertheless, in the IB solar cell model [8] , the contacts are to the VB and CB, similar to that in conventional devices. The mobility in the VB and CB of the carriers for a material with an IB (impurity + host) is determined mainly by the electron-hole host mobility. High mobility in the IB is not essential because this band is not externally contacted [28] .
Using defect formation energy calculations, the energy position of this deeper acceptor CB level (e A ) with respect to the CB edge (e c -e A ) is 0.22 eV (GGA) and 0.24 eV (LDA). With these values, we have obtained the maximum efficiency for several sunlight concentrations ( Figure 5 ). Calculations were carried out from 1 sun (lKw/m 2 ) to maximum solar concentration (46 050 suns) according to the model described in the study conducted by Luque and Marti [8] , assuming that the sun is a blackbody at 6000 K and the cell operates at 300 K. For maximum solar concentration, the maximum efficiency obtained for Cu 3 10 suns BiS 3:0 with the results of GGA and LDA first-principles calculations is -50%. This maximum is larger than the efficiency of a Cu 3 BiS 3 single junction solar cell with equal solar concentration (-40%). The efficiency for Cu 3 BiS 3:0 is greater than that for Cu 3 BiS 3 for all concentrations above 100 suns ( Figure 5 ).
CONCLUSIONS
In conclusion, using first-principles density functional methods, we studied the electronic properties of the host and O-doped WS-Cu 3 BiS 3 . We have compared our results with the available experimental data and have analyzed the possible efficiency increment when the modified material is used as photovoltaic absorber material. For the first-principles calculations, we used both LDA and GGA exchange-correlation potentials. In order to obtain gaps and impurity levels, we used both single-particle energies and total defect calculations. The results obtained compare well with experimental results in the literature. The acceptor energy levels in the gap for the O-doped WS-Cu 3 BiS 3 form a band in the alloying limit. This band, below the CB edge, is the result of the Bi and O orbital combinations. Using the first-principles results, we have estimated the maximum efficiency of this photovoltaic absorber material. Above 100 suns, the efficiency of this compound is larger than the undoped host material with a single gap.
